Introduction
T-lymphocytes play central parts in induction and regulation of immune responses and in execution of immunological effector functions. Antigen recognition by these cells is restricted by cell-surface glycoproteins encoded by the highly polymorphic genes of the major histocompatability complex (MHC) molecules, i.e. the ligands for the antigen receptor of T-cells are adducts of MHC molecules and antigen fragments [l] . Hence, specific T-cell immunity is controlled by two selective and independent binding events: first, binding of fragments of the antigens by MHC molecules and, secondly, binding of the resulting complexes by the clonotypic antigen receptors of the T-cells. A synthetic approach with random peptide libraries was developed to investigate the structural basis of peptide selection by MHC molecules and the rules that govern the specificity of T-cell responses ([2] and K. Udaka Walden, unpublished work). In the case of MHC class I molecules, the antigen fragments are mostly peptides of eight or nine amino acids [ 31 generated inside the antigen-presenting cells by a complex machinery involving proteases, peptides transporters and molecular chaperonins [4] . As experimental models, we have chosen the mouse MHC class I allomorphs H-2Kb and H-2Ld, both of which have a preference for octapeptides [3, 5] , and cytotoxic T-lymphocyte clones which recognize their cognate antigen in the context of these two MHC molecules. Briefly, a solid-phase peptide synthesis protocol was developed that uses fluoren-a-yl methoxycarbonyl (Fmoc)-L-amino acid-p-benzyloxybenzylalcoholpolystyrene resins loaded with single amino acids, or equimolar mixtures of 19 resins for randomized carboxy-terminal positions. Couplings were performed with premixed Fmoc-amino acids equimolar to the coupling sites on the resins for randomized positions or with a fivefold excess of single Fmoc-amino acids for defined positions. The dicyclohexylcarbodiimide/ 1 -hydroxybenzotriazole method was used. Equimolar representation of the amino acids was achieved by extended coupling
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times, double coupling, initially high content of the solvent dichloromethane and open reaction vessels to allow evaporation of the solvent and thereby concentration of the reagents during the course of the coupling cycles. After cleaving the peptides from the resins and side-chain deprotection with trifluoroacetic acid and a mixture of scavengers, resins were filtered off and peptides were precipitated by adding cold n-heptane-diethyl ether and lyophilized from acetic acid-water-tert.-butylalcohol. Peptide libraries obtained this way were used directly in bioassays. The qualities of such preparations were controlled by amino acid analysis, pool sequencing [6] , electrospray mass spectrometry [7] and, in case of some less complex sublibraries, by HPLC-MS. Deviations from the projected equimolar representation of the amino acids in randomized positions were within the error limits of these analytical procedures and maximally 3% (K.-H. Wiesmuiler, P. Walden, K. Udaka, S. Kienle, J. Metzger and G. Jung, unpublished work).
Peptide selection by MHC molecules
MHC class I molecules expressed on the surface of cells are heterotrimers composed of a transmembrane heavy chain of about 45kDa, which is the product of highly polymorphic MHC genes, the non-variable &microglobulin of about 12 kDa and antigen peptides of usually eight or nine amino acids [l]. These peptides are essential for stable conformation of the MHC molecules [8, 9] . Genetic defects in the antigen-processing machinery found in some tumour cells which have escaped immune surveillance results in a peptide deficiency and, as a consequence, in reduced MHC expression on the cell surfaces [8] . MHC expression can be restored by adding synthetic peptides to the cell cultures or by reducing the culture temperature to 26°C [ 101. The dependence of the thermal stability of MHC class I molecules on peptides can be used to assess the efficiency of peptide binding to these molecules. In stabilization assays [2,11], peptide-deficient cells preincubated at 26°C were cultured with test peptides for 30min, exposed to 37°C for 45min to allow denaturation of 'empty' MHC molecules and analysed for conformationally intact MHC class I molecules by fluorescence flow cytometry.
X, and all OX, libraries contain peptides that bind to and stabilize the two MHC class I molecules tested (K. Udaka . Concordant with the crucial role of peptides for the conformational integrity of MHC molecules, amino acid preferences found are reminiscent of rules that govern tolerance to amino acid variations in defined sequence positions of globular proteins in general. Hydrophobic amino acids were preferred in most positions. The only exception is the penultimate position, which requires hydrophilic side-chains. Depending on the particular MHC allomorph, one or two sequence positions can accommodate hydrophilic as well as hydrophobic amino acids. These are for H-2Kb the positions 4 and 6, and for H-2Ld position 6. In addition to these constitutional constraints, volumetric constraints were found for some sequence positions. These more constrained positions correspond to so-called anchor positions, which were defined on the basis of pool sequencing of natural peptide libraries extracted from immunoaffinity-isolated MHC molecules and which allow only few amino acids [3] . Anchor amino acids were found for the positions 3, 5, and 8 for H-2Kb, and 2 and 8 for H-2Ld. However, all amino acids are permissive. No position is neutral, i.e. every amino acid in the sequence has a positive or a negative effect in the efficiency of peptide binding to MHC molecules and, as expected from the length of the peptides, no position is independent from the amino acids occupying the other positions [2] . In contrast to H-2Kb, H-2Ld expression could not be titrated to saturation levels with several OX, sublibraries. The higher degree of selectivity found for H-2Ld corresponds to the lower intrinsic thermal stability of peptide-free molecules (L. Pridzun, K.-H. Wiesmuller, S. Kienle, G. Jung and P. Walden, unpublished work). While the interdependence of the effects of the individual amino acids in the peptide sequence precludes an exact prediction of the binding properties, the relative stabilization efficiencies provide a guideline for rational design and modification of the ligands.
Specificity and degeneracy of T-cell responses
Binding of the antigen peptides to MHC molecules generates the ligands for the antigen receptors of T-cells and is a precondition for T-cell-mediated immune responses. However, whether a peptide is indeed a T-cell epitope is decided by T-cells. Thus, definition of T-cell epitopes is largely determined by positive and negative selection processes that establish a self-tolerant and self-MHC-restricted T-cell repertoire. Identification of T-cell epitopes requires analysis of T-cell responses and cannot rely on the knowledge of the peptide-binding properties of MHC molecules alone.
Analysis of the capacity of X, and the 152 OX, sublibraries to sensitize target cells for cytolysis by cytotoxic T-lymphocytes reveals T-cellspecific patterns of responses (B. Gundlach, K.-H.
Wiesmuller, S. Kienle, G. Jung and P. Walden, unpublished work). These patterns allow identification of synthetic T-cell epitopes which are effective in concentrations similar to natural epitopes. Using a chromium-5 1 -release assay, we have investigated several cytotoxic T-lymphocyte clones, some with known, some with unknown specificity. In all cases, very distinctive profiles were obtained which allowed identification of epitope sequences and synthesis of defined peptides. Synthetic epitopes deduced from the results obtained with random peptide libraries were active in the pico-to femtomolar range. In all cases, construction of a variety of active peptides was possible, indicating degeneracy of antigen recognition by T-cells. The degree of degeneracy varied with the T-cell clone tested. Some T-cells allowed amino acid variations only in restricted positions of their cognate peptide. In the case of other T-cell clones, completely unrelated epitopes could be deduced. The natural epitope for the T-cell clone 4G3 is the chicken ovalbuminderived SIINFEKL, which is recognized in the MHC context of H-2K" [ 121. We could identify the synthetic T-cell epitope DIKVGIEF which is as effective as the natural epitope. Both peptides induce half-maximal cytolysis at concentrations around 10fM. DIKVGIEF is not only unrelated in sequence, it is also 4 orders of magnitude less efficient in binding to H-2Kb (B. Gundlach, K.-H.
Wiesmuller, S. Kienle, G. Jung and P. Walden, unpublished work). Also, natural T-cell epitopes were identified which are potent inducers of cellular responses but which are very inefficient in binding to the restricting MHC molecule [5, 13] . Thus, efficient binding to the MHC molecules and strict adherence to the canonical anchor position motifs are not essential for T-cell epitopes.
Induction of specific cytotoxic T-cell responses
One objective of this work is the identification of T-cell epitopes that can be used as synthetic vaccines and that induce active immunity against 
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Cytotoxic T-lymphocytes represent one of the effector arms of the immune system and are particularly important in responses to viral infections and tumours. On the other hand, they might be involved in autoimmune diseases. The specificity of cytotoxic immune responses is controlled at three levels: first, antigen presentation (antigens need to be processed so that suitable peptides are generated that can bind to and be presented on MHC molecules); second, antigen recognition by the T-cells; and third, regulatory interactions between helper and cytotoxic T-lymphocytes. Rational design of reagents that are effective in induction of immunity mediated by T-cells requires knowledge of these three levels of specificity control. We have described the methology that allows elucidation of all three levels. These approaches should be valuable for the development of vaccines as well as for the design of modulators of immune responses. Volume 23
